The ν 2 and ν 5 fundamental bands of thionyl chloride (SOCl 2 ) were measured in the 420 cm −1 -550 cm −1 region using the FT-far-IR spectrometer exploiting synchrotron radiation on the AILES beamline at SOLEIL. A straightforward line-by-line analysis is complicated by the high congestion of the spectrum due to both the high density of SOCl 2 rovibrational bands and the presence of the ν 2 fundamental band of sulfur dioxide produced by hydrolysis of SOCl 2 with residual water. To overcome this difficulty, our assignment procedure for the main isotopologues 32 (2016)]. As a by-product, the rotational transitions of the v 4 = 1 far-IR inactive state were identified in the submillimeter spectrum. A global fit gathering all the microwave, submillimeter, and far-IR data of thionyl chloride has been performed, showing that no major perturbation of rovibrational energy levels occurs for the main isotopologue of the molecule. Published by AIP Publishing.
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The ν 2 and ν 5 fundamental bands of thionyl chloride (SOCl 2 ) were measured in the 420 cm −1 -550 cm −1 region using the FT-far-IR spectrometer exploiting synchrotron radiation on the AILES beamline at SOLEIL. A straightforward line-by-line analysis is complicated by the high congestion of the spectrum due to both the high density of SOCl 2 rovibrational bands and the presence of the ν 2 fundamental band of sulfur dioxide produced by hydrolysis of SOCl 2 with residual water. To overcome this difficulty, our assignment procedure for the main isotopologues 32 37 Cl alternates between a direct fit of the spectrum, via a global optimization technique, and a traditional line-by-line analysis. The global optimization, based on an evolutionary algorithm, produces rotational constants and band centers that serve as useful starting values for the subsequent spectroscopic analysis. This work helped to identify the pure rotational submillimeter spectrum of 32 
I. INTRODUCTION
Thionyl chloride, SOCl 2 , is an important reaction intermediate used by industries for manufacturing agrochemicals, dyestuffs, fine chemicals, and pharmaceuticals. It is an extremely powerful oxidant, and one of its primary uses is in the conversion of alcohols and carboxylic acids into their corresponding chlorides. 1 SOCl 2 has gained importance in the last quarter century due to its cathode role in lithium batteries and its global production exceeds 45 kt/year. 2 SOCl 2 is toxic and is listed as a Schedule 3 compound in the US Controlled Substances Act as it may be used for the production of chemical weapons. The atmospheric fate of SOCl 2 has been investigated by Johnson et al. 1 in a mixing chamber for various temperatures and relative humidity using Fourier transform (FT) infrared (IR) spectroscopy at low resolution. It was determined that humidity plays an important role, as water reacts rapidly with the parent compound, forming HCl and SO 2 in a nearly stoichiometric ratio of 2:1. Kinetic measurements demonstrated that the tropospheric lifetime due to a) Electronic mail: arnaud.cuisset@univ-littoral.fr hydrolysis is on the order of few minutes only. Taking into account several characteristics of SOCl 2 in terms of strong toxicity, violent reactivity, and rather large volatility, it is now established that improper disposal of SOCl 2 may have a significant pollution effect indoors and outdoors and the development of rapid, sensitive, and selective instrumentation is required to monitor SOCl 2 exhausted emissions. Over the last years, different types of toxic gas detectors have been developed with very good sensitivity (<1 ppb), even though they still suffer from selectivity. 3 To address this issue of selectivity, the next generation of toxic gas sensors will most likely probe molecule-specific rotational or rovibrational transitions. 4 A deep knowledge of thionyl chloride THz spectrum is thus mandatory to define ideal spectral windows and sensitivity thresholds for the development of such sensors.
From a spectroscopic point of view, SOCl 2 is a relatively heavy molecule, isotopically rich in natural abundance, and characterized as a highly asymmetric rotor involving two dipole moment components along the two principal axes b and c which define the symmetry plane of the molecule. These combined factors explain the huge density of rotational and rovibrational energy levels populated at room temperature.
With respect to prior gas phase spectroscopic investigation studies of SOCl 2 , the VUV spectrum has been recorded 5 and the fundamental vibrations have been measured by IR and Raman spectroscopies 6 without any resolution of the rotational structure.
Our group recently initiated an intensive high-resolution spectroscopic study of SOCl 2 and its isotopologues from the microwave to the far-IR regions. 4, 7 Chirped-pulse FT microwave spectroscopy in supersonic expansion combined with high-level ab initio quantum-chemical calculations allowed the determination of accurate spectroscopic parameters for the six most abundant isotopologues and the determination of a highly accurate semi-experimental equilibrium geometry of SOCl 2 . 4 At room temperature, very congested submillimeter and far-IR spectra have been rotationally resolved using a frequency multiplier chain and a high-resolution synchrotronbased FT-IR interferometer, respectively. Pure rotational transitions of the three most abundant isotopologues (SO 35 Cl 2 , SO 35 Cl 37 Cl, SO 37 Cl 2 ) in their ground vibrational state have been assigned in the submillimeter spectrum in Ref. 4 . Reference 7 describes the rovibrational analysis of the two low-energy IR active SCl 2 wagging ν 3 mode (symmetric, or A ) and rocking ν 6 mode (asymmetric, or A ) in the far-IR domain. Unlike the ν 3 and ν 6 bands, the lowest energy band ν 4 predicted at 193.816 cm −1 and associated with the SCl 2 deformation 7 is too weak to be observed in the far-IR region, and the determination of its rotational constants and centrifugal parameters requires one to probe pure rotational transitions in vibrationally excited states. The ν 2 symmetric (A ) and ν 5 asymmetric (A ) SCl 2 stretching bands, which lie higher in frequency in the far-IR region, respectively, around 495 cm −1 and 446 cm −1 , remain unobserved at high resolution to date. 7 Preliminary synchrotron-based FT-far-IR experiments failed to provide exploitable results due to strong interference with the intense ν 2 bending rovibrational band of sulfur dioxide SO 2 produced by reaction of SOCl 2 with residual water in the multipass cell.
The standard line-by-line assignment of high-resolution spectra is mostly based on pattern recognition. This procedure is time consuming and limited to well-resolved spectra with limited overlap between the transitions. A recently developed alternative consists in directly maximizing the overlap between the experimental and theoretical spectra. 8, 9 A fitness function is defined as a normalized scalar product between the two spectra; the global maximum of this function corresponds to the best agreement between the two spectra. 10 The assignment problem is thus set up as a global optimization procedure where the spectroscopic parameters are tuned to maximize the fitness function. The main advantage of this approach is that it can automatically find the global maximum without assignment of rotational quantum numbers to individual transitions. In these last years, global optimization procedures based on evolutionary algorithms (EAs) have been used by some research groups to simplify the analyses of rotationally resolved electronic spectra on a large variety of molecular compounds such as floppy biomolecules 11 or atmospheric radicals. 12 It has recently been successfully applied to the analysis of a rovibrational spectrum of trimethylene sulfide collected with the FTIR instrument coupled to the far-IR beamline of the Canadian Light Source. 13 Figure 1 shows the spectrum of SOCl 2 between 420 cm −1 and 550 cm −1 measured in this work at P = 900 µbars using the AILES beamline at SOLEIL. 14 37 Cl, referred to as [35, 35] and [35, 37] in the following, despite the strong overlap with the ν 2 band of SO 2 . Each spectroscopic analysis requires an interplay between a global optimization, where the rotational constants and band center of the excited states for the two considered isotopologues are fitted, and a refinement of all the spectroscopic parameters via a line-by-line analysis using Loomis-Wood diagrams. 15 In the following, Sec. II discusses the experimental setup that was used to record the far-IR spectrum. Section III presents the analyses that were performed on the ν 2 and ν 5 bands of the [35, 35] and [35, 37] isotopologues. This work also allowed a deeper investigation of the submillimeter/THz spectrum of Ref. 4 . The pure rotational spectra of SOCl 2 in the v 2 = 1, v 4 = 1, and v 5 = 1 vibrational states are described in Sec. IV. Section V deals with a global fit of thionyl chloride, where both previous data 4, 7, [16] [17] [18] [19] [20] the results obtained from the procedure based on evolutionary algorithms with CCSD(T) ab initio calculations.
II. EXPERIMENT
The far-IR FT spectrum of thionyl chloride was collected on the AILES beamline of the SOLEIL synchrotron facility. 14 We chose an experimental configuration used previously for the high-resolution study of the ν 6 and ν 3 bands. 4, 7 The synchrotron radiation was extracted and focused onto the entrance aperture of the Bruker IFS 125 FT interferometer equipped with a 6 µm mylar-silicon composite beamsplitter suitable for the THz/far-IR spectral range. The total absorption path length is greatly increased by using a White-type multipass cell adjusted to a 150 m optical path length and isolated from the interferometer by 50 µm-thick polypropylene windows. A helium-cooled silicon bolometer equipped with an optical band-pass filter in the range 10-700 cm −1 has been used to record the absorption spectrum. In the 420 cm −1 -550 cm −1 region, the synchrotron source provides a gain in the signal-tonoise ratio of 3 to 3.5 in comparison with a classical IR source (Hg lamp). 14 The acquisition time is therefore reduced by one order of magnitude. The present spectrum was recorded in 8 hours at 293 K by co-adding 100 interferograms recorded at the maximum resolution of the instrument (R = 0.001 02 cm −1 ). The far-IR rovibrational linewidths are mainly limited by the apparatus function of the interferometer measured by Jacquemart et al. 21 to be approximately 100 MHz (FWHM). At 293 K, the far-IR Doppler linewidth never exceeds 20 MHz (FWHM).
The interferometer was continuously evacuated to 10 −3 Pa limiting the absorption of atmospheric water. SOCl 2 , of stated purity higher than 97% from Sigma-Aldrich, 22 was used without further purification. Its equilibrium vapor pressure at room temperature was injected directly into the absorption cell. The very efficient hydrolysis of SOCl 2 with gas traces of water produced a strong SO 2 band in the spectral region recorded. This band corresponds to the ν 2 bending mode centered at 513.539 cm −1 of the SO 2 molecule. 23 Its P branch is largely mixed with the ν 2 band of the SOCl 2 molecule centered at 500.094 cm −1 (SCl symmetric stretching mode) and with the R branch of the ν 5 band centered at 459.821 cm −1 (ClSCl asymmetric stretching mode). To reduce the gas traces of water and thus to reduce the presence of the SO 2 band, the cell was carefully pumped out before the experiment. The spectrum in Fig. 1 
A. Evolutionary algorithms
The painful study of high-resolution congested spectra has recently been alleviated with the use of EAs in spectroscopy. 10 The traditional assignment problem, which requires a timeconsuming line-by-line analysis, is replaced by an algorithm maximizing the overlap between the simulated and experimental spectra. The frequency and intensity information of each spectrum is encoded in an n-dimensional vector (with n the number of experimental points). A fitness function F is introduced, 8 which is the normalized scalar product between the vectors f and g, representing, respectively, the experimental and calculated spectra. The scalar product is weighted by a symmetric matrix W, see Eq. (1). The matrix W permits more flexibility in the comparison between the calculated and experimental spectra. Additional details can be found in the Ref. 8 ,
Section II.C. of Ref. 10 discussed the choice of the fitness function and concluded that Eq. (1) was more suitable than a sum of square differences because spectra with nearly identical sets of parameters could be more easily distinguished with the former function. Maximizing the agreement between the experimental and calculated spectra translates to maximizing the fitness function. The best set of parameters is given by the global maximum of the fitness function. Among the techniques of global optimization, we chose EAs which are global optimizers based on concepts copied from the theory of evolution. Each spectroscopic parameter is represented as a gene, and a set of spectroscopic parameters (i.e., the rotational constants, the band centers, and the centrifugal distortion parameters) constitutes a chromosome. From each chromosome, one can compute a theoretical spectrum g. In a first step, the parameters are randomly generated in a range of chosen values. Second, the parameters are adjusted in the evolution phase using concepts derived from genetics such as inheritance, mutation, and crossover. For a given generation, the fitness function is computed for all the chromosomes and only the chromosomes giving the best results are kept in the next generation (selection). New chromosomes are built from the previous ones by mutating and crossing the values of their genes (spectroscopic parameters).
The global optimization is performed via the covariance matrix adaptation evolutionary strategy (CMA-ES), 26, 27 which is an improved sibling of the genetic algorithms. The basic genetic algorithms are inefficient because they sample the parameter space randomly. The efficiency of the CMA-ES method is that it uses the information given by the evaluation of the fitness function for the chromosomes to move faster in the directions where the fitness function increases. The main advantage of the EA procedure over a more traditional fitting by, for example, the Levenberg-Marquardt (LM) algorithm is the fact that the EA performs a global search over the parameter space. Even until convergence is reached the EA will still consider the full parameter space. The needed computing time is fully determined by the number of calls to the model to calculate the spectrum, and this is comparable for the EA and the LM algorithms.
The two ν 5 and ν 2 bands of the spectrum in Fig. 1 were analyzed by means of the EA program 9, 10, 28 by considering the two most abundant isotopologues, [35, 35] (natural abundance: 54.45%) and [35, 37] (34.82%).
B. Analysis of the ν 5 band

Band center and rotational constants of the [35, 35] isotopologue
Initially, the spectra were prepared for application of the EA program by removing portions of the spectrum around frequency ranges containing H 2 O lines 24, 25 and the very congested Q branches. To better see the local features of the spectrum, a smoothed background was computed from the experimental spectrum by locally averaging over the neighbouring frequencies, and this background was subtracted to both experimental and simulated spectra. The experimental transitions of the ν 5 band were fitted using an effective Hamiltonian of Watson (type A, representation I r ) suited for an asymmetric rotor. The band center and the rotational constants of the v 5 = 1 excited state of both isotopologues were then optimized by using the EA program up to J = 75. The experimental ground state parameters were taken from previous microwave/far-IR analysis 4 and kept fixed. The distortion parameters of the v 5 = 1 state were kept fixed at the values of the ground vibrational state.
Each of the parameters to be fitted via an evolutionary algorithm must be given a range within which the experimental value is supposed to be found. In particular, a rather good estimation of the rotational constants for the excited vibrational states of [35, 35] is obtained by scaling the ground state experi-
exp. of [35, 35] with the F ab initio scaling factor, ratio of the ab initio rotational constants of the ground and excited states, 7 see Eq. (2). The ab initio calculated values were computed at the MP2 level with a 6-311++G(3df,3pd) basis. 7 The Møller-Plesset (MP) second-order perturbed method with such a basis set provides a good compromise between accuracy and computation costs for the theoretical determination of rotational constants, and harmonic and anharmonic frequencies for medium size molecules,
Since the spectra of [35, 37] are only 64% of the strength of the [35, 35] spectra, it was necessary to include the [35, 37] spectrum in the EA and to release the corresponding parameters along with those of the [35, 35] . A first guess of the rotational constants for the excited vibrational states of [35, 37] was obtained by scaling the ground state experimental con-
exp. of [35, 37] with the same F ab initio scaling factor as used for [35, 35] , see Eq. (2) .
At the first generation, the EA procedure randomly selects the parameters in the range given as input. These ranges were centered on the estimated values [A, B, C]
est. of [35, 35] and [35, 37] , and the full widths were empirically found (60 MHz for A, 30 MHz for B and C). As it was more difficult to find a good range for the band center, we have cut a large frequency interval around the Q branch (3 cm 1 ) into smaller chunks (0.3 cm 1 ) and performed a global optimization on each chunk. A good determination of the rotational constants and band center was obtained for [35, 35] after 5 h of calculation. 29 The correctness of the parameters in the chromosome associated with the best fitness function was established by an eye comparison between the calculated spectrum derived from these parameters and the experimental spectrum.
Some trials to fit directly via a global optimization the complete effective Hamiltonian, i.e., with optimizing the distortion terms too, have been attempted but did not converge towards a satisfactory set of parameters. This can be explained by several factors: a congested spectrum due to the two isotopologues, and the complicated landscape of the fitness function due to the multidimensional space and the large number of local maxima.
Subsequent standard spectroscopic analysis of the [35, 35] isotopologue
The parameters associated with the excited v 5 = 1 state of the [35, 35] isotopologue were released (i.e., the band center and rotational constants as in the EA procedure but quartic and sextic centrifugal distortion terms as well) and the transitions were fitted by a traditional line by line analysis using the SPFIT/SPCAT suite of programs 30 with the help of Loomis-Wood diagrams. 15 These diagrams facilitate the visual identification of individual spectral branches in complicated spectra with overlapping bands and/or high density of lines. In a given branch, only the J quantum number changes by 1 along the series. The K a and K c values of the lower and upper states are fixed as determined by the selection rules. A Loomis-Wood diagram is obtained by cutting the spectrum in the neighborhood of the calculated transitions and pasting them one above the others for each J value of the branch. Consequently, the differences between the experimental transition frequencies with the calculated transition frequencies are represented horizontally for each J value of the branch. Ideally, a good assignment of the lines leads to symbols representing the experimental lines aligned vertically in the center of the Loomis-Wood diagram.
Examples of Loomis-Wood diagrams generated with the LWWa software 15, 31 are given in Fig. 2 , representing the evolution at each step of the analysis. Figures 2(a) and 2(b) show the Loomis-Wood diagrams for, respectively, the q P(3) and q R(3) branches with the estimated rotational constants from Eq. (2). Many series are distinguishable, but the good assignment, identified by the magenta and orange colours, respectively, is not obvious. Figures 2(c) and 2(d) give the diagram after the global optimization step using the EA program. The agreement is visible between the calculated and experimental transitions, but for high values of J , the deviation of the peaks with respect to the centered vertical line calls for an improvement in the centrifugal distortion constants. Figures 2(e) and 2(f) are the diagrams with the final spectroscopic constants and demonstrate the importance of the refinement of the centrifugal distortion terms in the line by line analysis.
The standard spectroscopic analysis gives a definite set of experimental spectroscopic parameters for the main isotopologue, see Table I . We determined the centrifugal distortion constants up to the sextic order in power of J. The IR unitless standard deviation of 0.645 indicates that the experimental error of 0.000 15 cm −1 is slightly overestimated. The fitted molecular parameters reproduce nicely the ν 5 band of [35, 35] .
FIG. 2. Loomis-Wood diagrams of q P(3) (left column) and q R(3)
(right column) branches for each step of the analysis of the main isotopologue [35, 35] of the ν 5 band. Black triangles correspond to the assigned transitions of [35, 35] and the empty triangles correspond to unassigned transitions. The resulting calculated spectrum for [35, 35] compared with the experimental ν 5 band is given in Fig. 3 . In particular, the patterns in each branch (P, Q, R) are reproduced.
The relative accuracy of the predicted band centers and rotational constants has been quantified using a δ parameter defined by
The relative accuracy values follow each step of the analysis: estimated value from Eq. (2), refined value from Eq. (3), observed (from the maximal intensity of the Q branch in the experimental spectrum), and EA. The relative accuracy of the predictions for the band centers and rotational constants has been estimated at each step of the analysis, and their evolutions are shown in Figs. 4(a) and 4(e), respectively. For the rotational constants, the EAs achieved a relative accuracy better than 10 4 while initial ab initio values at the MP2/6-311++G(3df,3pd) level of theory were close to 1%. The efficiency of EAs is also remarkable for the estimation of the rovibrational band centers with a reduction by 3 orders of magnitude compared to the initial ab initio [35, 35] and [35, 37] . 1σ uncertainties 32 values: relative accuracy of 3 × 10 −6 is reached for the ν 5 band center.
Band center and rotational constants of the [35, 37] isotopologue
A second global optimization procedure of the band center and rotational constants was performed for the [35, 37] isotopologue. Here, all the parameters associated with the excited state of the main [35, 35] isotopologue are now frozen to the values obtained at the end of the standard spectroscopic analysis of that species. The guessed rotational constants for [35, 37] are refined by scaling the ground state experimental constants [A, B, C] G.S.
exp. of [35, 37] with the F exp. scaling factor, ratio of the experimental rotational constants of the ground and excited states of [35, 35] The range of the band center for [35, 37] checked by visual comparison the agreement between the calculated and experimental spectra. A good determination of the rotational constants and band center was obtained for [35, 37] after 10 h of calculation. 29 For the same reason as the [35, 35] isotopologue, the distortion parameters of [35, 37] in the vibrational excited state have been kept frozen to the values of the corresponding ground state.
Subsequent standard spectroscopic analysis of the [35, 37] isotopologue
The band center and the rotational constants for the v 5 = 1 state of the [35, 37] isotopologue obtained at the end of the global optimization procedure were once more fitted against the experimental data, and the centrifugal distortion terms are now released as well. The definitive set of experimental spectroscopic parameters are given in Table I . Although we determined the centrifugal distortion constants up to sextic order in power of J for the [35, 35] isotopologue, we determined the centrifugal distortion terms up to the quartic order for the [35, 37] isotopologue because it was not possible to detect rovibrational transitions involving energy levels with sufficiently high K a values (K a max = 17). The far-IR standard deviation is very close to the experimental error which implies that the spectrum is fitted at the experimental precision, as implied by the unitless RMS of 0.938 very close to 1. The resulting calculated spectrum for [35, 37] compared with the experimental ν 5 band is given in Fig. 3 . We note that all the patterns are reproduced in the simulated spectrum. Almost all the lines of the experimental spectrum are reproduced.
The evolution of the relative accuracy δ of the rovibrational band center and rotational constants can be found in Figs. 4(c) and 4(e). As for the [35, 35] isotopologue, the correspondence between the numerical values obtained after the EAs and the final experimental ones highlights the effectiveness of the EAs.
C. Analysis of the ν 2 band
The procedure to analyze the ν 2 band follows very closely the footsteps of the ν 5 analysis. The experimental spectrum was cleaned by removing the strongest SO 2 lines (simulated from molecular constants fitted in Ref. 23 ) and several H 2 O lines 24, 25 but the weaker transitions of SO 2 were still present and mixed with the SOCl 2 lines. In addition, the congestion and the weak intensity of the rovibrational lines of ν 2 resulted in a more difficult analysis compared to the ν 5 band. As more lines are blended and many lines are close to the noise amplitude, more local maxima in the fitness function hypersurface make the localization of the global maximum tricky. Moreover, by removing parts of the spectrum containing strong SO 2 lines, many overlapped SOCl 2 lines have also been removed. For these reasons, the initial ranges of the rotational constants were chosen narrower than for the ν 5 band (18 MHz for A, B and C), and the experimental transitions were fitted to the asymmetric rotor Hamiltonian up to J = 80. For [35, 35] and [35, 37] branches were narrow and the initial range of permitted values for the band center (0.2 cm 1 ) was not divided in chunks. The calculation time was only 148 and 142 min, 29 respectively, for the [35, 35] and [35, 37] isotopologues. Figure 4 shows the evolution along the spectroscopic analysis of the relative accuracy δ for the rotational constants and rovibrational band centers of the ν 2 fundamental band of [35, 35] and [35, 37] . For the rotational constants of [35, 35] , the convergence towards the experimental value is nearly monotonic [ Fig. 4(b) ]. For [35, 37] , the rotational constants [see Fig. 4(d) ] obtained from the EA were not employed; instead we used the refined parameters [A, B, C] (v 2 =1) refined from Eq. (3). We noticed that the evaluation of the fitness function with the final experimental parameters of [35, 37] is slightly lower than the best value of the fitness function given by the global optimization (search of a global maximum) of the EA procedure. This problem can be explained by our use of two complementary methods: the line by line spectroscopic analysis of [35, 37] only uses clearly defined lines of this isotopologue while the global optimization uses the experimental spectrum with the possible existence of perturbed lines of the SOCl 2 isotopologues and the SO 2 molecule. In Fig. 4(f) , the values of the band centers obtained after the EA step are very close to the experimental ones with relative δ values better than 10 4 whereas the relative accuracy of ab initio calculations are limited to 1%. It shows that the EA leads to a very good determination of all the band centers, crucial for good assignments with the Loomis-Wood diagrams. The final set of experimental spectroscopic parameters of [35, 35] and [35, 37] of the ν 2 band are summed up in Table II . The far-IR standard deviations are very close to the estimated experimental error. The centrifugal distortion constants were determined up to quartic order for the two [35, 35] and [35, 37] isotopologues. It was not possible to reach the sextic order constants with an acceptable uncertainty in the parameters. Compared with the ν 5 band, the ν 2 band was more congested with less intense lines, and it was not possible to assign transitions with J > 87 and K a > 15 (see Tables I and II) . The simulated spectra of [35, 35] and [35, 37] are represented in Fig. 5 and compared with the experimental spectrum. The spectra present a good agreement, each pattern can be easily recognized, especially in the Q branches. The experimental ν 2 spectrum presents more remaining non-predicted weak lines than for the ν 5 band due to SO 2 .
IV. SUBMILLIMETER SPECTRUM ANALYSIS
The new data gathered for the ν 2 and ν 5 bands allow the prediction of the pure rotational transitions in the v 2 = 1 and v 5 = 1 vibrational states. The experimental spectrum published in Ref. 4 is a room temperature absorption spectrum of SOCl 2 that has been probed in the submillimeter domain by the radiation generated from a frequency multiplier chain (Virginia Diodes, Inc.). All experimental details concerning the spectrometer and the experimental conditions have been reported previously in Refs. 33 and 4, respectively. The pure rotational transitions have been already assigned for the vibrational ground state of the three most abundant isotopologues [35, 35] , [35, 37] , and [37, 37] and for the vibrational excited states v 3 = 1 and v 6 = 1 of [35, 35] . 4, 7, [16] [17] [18] [19] [20] Our paper completes the analysis by proposing an assignment for the pure rotational transitions of FIG. 5 . (a) Experimental (black) and calculated spectra of the ν 2 band for the two most abundant isotopologues [35, 35] (blue) and [35, 37] [35, 35] . 1σ uncertainties 32 are quoted in parentheses in the unit of the last digit. Below are given the number N of different experimental lines in the fit, maximum values of quantum number J max and associated K a max value, and the standard deviation. See the caption of Table I for the definition of the unitless standard deviation. All parameters (except indicated otherwise) are given in MHz. the v 2 = 1, v 5 = 1 and v 4 = 1 vibrational excited states of the [35, 35] isotopologue. The ν 4 vibrational band is not IR-active; the v 4 = 1 state could only be analyzed in the submillimeter domain from pure rotational transitions induced by the permanent dipole moment and involving thermally populated levels in v 4 = 1. The analysis was performed with the AABS package from Kisiel 34, 35 in parallel with SPFIT/SPCAT. 30 The rotational spectroscopic parameters together with a summary of the study for the v 5 = 1, v 2 = 1, and v 4 = 1 are given in Table III . Each contribution in the experimental spectrum is shown in Fig. 6(a) . The comparison between experimental and calculated spectra is shown in Fig. 6 Tables I and II) . The far-IR standard deviations obtained in the rovibrational study were not deteriorated for the v 5 = 1 and v 2 = 1 states: for each of the states v 5 = 1, v 2 = 1, and v 4 = 1, the standard deviation from pure rotational lines ("standard deviation MW," see Table III ) is in the range of the experimental error of 100 kHz, which is reflected by the dimensionless standard deviation very close to 1. Because the Cl-S-Cl scissoring mode is barely far-IR active, no band center has been experimentally determined for v 4 = 1. Nevertheless, the submillimeter analysis of the pure rotation in the ν 4 excited state gave access to the rotational constants with a degree of precision similar to the other bands. Indeed, the ν 4 state is the lowest-energy vibrational mode of SOCl 2 with an estimated anharmonic frequency of 193.816 cm −1 at the MP2/6-311++G(3df,3pd) level of theory, and the intensity of the rotational lines is comparable to the ground state lines of the intensity of the [37, 37] isotopologue (see Fig. 6 ). Unlike the submillimeter assignments of vibrational satellites from the v 6 = 1 and v 3 = 1 states where the distortion constants were limited to sextic order, the octic order L K term has been fitted for v 4 = 1. Finally, due to the weakness of the line intensities, it was not possible to assign rotational transitions in the vibrationally excited states for the less abundant isotopologues.
V. GLOBAL FIT FOR THE THIONYL CHLORIDE
A global fit for each isotopologue was performed that include the assignments of the previous analyses 4, 7, [16] [17] [18] [19] [20] and the new data measured in the present study. parameters, respectively, for [35, 35] and [35, 37] . The parameters obtained from this fit can be found in Table V. The combination of the different assignments in the global fit does not deteriorate the standard deviation of the fit and the accuracies of the fitted parameters compared to individual band analyses. In Fig. 7 , the rovibrational energy levels from [35, 35] have been calculated up to J = 80 from the parameters of the five lowest energy fundamental vibrational bands (see Table V ). The vibrational centers of two combination bands ν 4 + ν 6 and 2ν 4 calculated at the anharmonic MP2/6-311++G(3df,3pd) level of theory are indicated. For the fundamental bands, the solid lines represent the energy of the 
relative equilibria, i.e., the energy of the classical stationary axes of rotation. [36] [37] [38] Figure 7 shows that an overlap between the different bands starts to appear for J > 20. Nevertheless, all the experimental transitions could be fitted without consideration of any effective Coriolis or Fermi interactions between fundamental and combination bands. Indeed, the LoomisWood analysis used in the vibrationally excited rotational transition assignments never shows any signature of possible interaction. However, in Table V , we can immediately notice that the quartic and sextic distortion constants for all excited vibrational modes are very close to the ground state values except for the v 2 = 1 level where several distortion constants are quite different in value. It suggests that the SCl symmetric stretching vibration is more strongly coupled to the rotation compared to the other vibrational modes. The possibility of an interaction with an other state could not be totally excluded (ν 4 + ν 6 is the closest level to ν 2 ) but we did not find any evidence of this perturbation.
VI. PREDICTIVE POWER OF COUPLED-CLUSTER CALCULATIONS
All the ab initio calculations presented in this study have been performed at the MP2/6-311++G(3df,3pd) level of theory. 32 are quoted in parentheses in the unit of the last digit. The values in square brackets have been kept fixed to the values of the ground state in the global fit. 4 See the caption of Table I for the definition of the unitless standard deviation. Values indicated by [4] have been kept fixed according to the ab initio values found in Ref. 4 . All parameters (except indicated otherwise) are given in MHz. For the [35, 37] isotopologue, no experimental values of ν 4 are included because no assignment of the excited states of the submillimeter spectrum was possible. [35, 35] We have chosen this method of calculation since it can determine rotational constants, and harmonic and anharmonic vibrational frequencies for medium-sized molecules with acceptable accuracy and with reasonable computational cost using computing clusters that are now commonly accessible. A better quantitative agreement is obtained (at much higher computational cost) by using coupled cluster techniques such as the coupled-cluster singles and doubles (CCSD) level augmented by a perturbative treatment of triple excitations, CCSD(T). 39 Therefore the high-resolution spectroscopic study of SOCl 2 presented here was complemented with quantum-chemical calculations using the CCSD(T) method. J. Chem. Phys. 147, 054303 (2017) FIG. 7. Calculated rovibrational energies for the vibrational ground state, the ν 2 , ν 3 , ν 4 , ν 5 , and ν 6 bands of [35, 35] up to J = 80. To improve visibility, we did not plot the rovibrational energies E but the reduced energies E −B (v) J (J + 1). The red levels belong to assigned experimental transitions. Each band is computed with its own effective rotational constant B (v) . The curves represent the energy of the classical stationary axes of rotation (relative equilibria). The two green levels represent the energy level of the ν 4 + ν 6 (474.017 cm −1 ) combination band and the 2 ν 4 (387.023 cm −1 ) overtone band calculated at the anharmonic MP2/6-311++G(3df,3pd) level of theory. 7 All calculations were performed using the Cfour suite of programs. 40 See Ref. 4 for more details on the calculations and Ref. 41 for the general strategies used.
The rotation-vibration interaction constants, resultant rotational constants, and harmonic and anharmonic vibrational frequencies at the CCSD(T) level are summarized in the supplementary material. The rotational constants of the v 2 = 1 and v 5 = 1 states computed with this method have been compared with those determined from EAs for the [35, 35] and [35, 37] isotopologues. In the case of v 5 = 1, the rotational constants determined by EAs are closer to the final experimental values compared to the CCSD(T) constants. As example, for the A rotational constant of v 5 = 1, the relative accuracy δ of EAs is one order of magnitude better than that of the coupled cluster calculations. This is not the case for v 2 = 1, where the CCSD(T) computations and the EAs procedure provide the same level of accuracy for the prediction of the rotational constants. While the prediction of rotational constants by the CCSD(T) method can be considered more or less competitive with their determination by the EAs, the most advanced quantum chemistry methods do not compete yet with the EAs determination of the vibrational band centers. Indeed, when we confront the two methods for the predictions of the ν 2 and ν 5 vibrational band centers for both isotopologues, the EAs relative accuracies are improved by three orders of magnitude compared to the CCSD(T) anharmonic force field calculations.
VII. CONCLUSIONS
The SOCl 2 high-resolution spectrum of the ν 2 and ν 5 bands measured in the far-IR domain at the SOLEIL synchrotron facility has been assigned in spite of the large density of lines and the presence of the ν 2 fundamental band of SO 2 .
Our strategy consisted in using an evolutionary algorithm to adjust first the rotational constants and vibrational band centers of the main isotopologues by maximizing the overlap between the experimental and the calculated spectra. The accuracy of these parameters was good enough for them to be used as starting values in the traditional line-by-line spectroscopic analysis. In addition to saving time in the analysis, these two approaches are complementary and become very powerful for the analysis of very congested spectra. The obtained parameters for the v 2 = 1 and v 5 = 1 vibrational states of the [35, 35] have been refined in the analysis of a pure rotational submillimeter spectrum. The pure rotational transitions in the v 4 = 1 vibrational state inactive in the far-IR have been assigned in the same submillimeter spectrum. A global fit using the rotational and rovibrational assignments has been performed, revealing no major resonance in the energy levels of the main isotopologue. In addition to the global analysis of the fundamental low-lying vibrational modes of SOCl 2 , this article highlights a particularly efficient method to untangle a difficult assignment in very dense high resolution-rovibrational spectra. Even with the CCSD(T) method, the predicted anharmonic vibrational band centers cannot reach the level of accuracy obtained by the EAs procedure. The relative accuracies of the EAs rotational constants in the v 2 = 1 and v 5 = 1 vibrational states for [35, 35] and [35, 37] isotopologues are competitive with those obtained with the highest level of theory of quantum chemical methods. Finally, the analysis of the ν 1 symmetric (A ) mode which corresponds to the SO stretching mode remains to be performed. This mode calculated at 1259 cm −1 in a CCSD(T)/cc-pV(T+d)Z computation of anharmonic frequencies belongs to the mid-IR region. A step in the direction of a global knowledge of the IR spectrum, including the overtone and combination bands, could be realized with the construction of a six-dimensional potential energy surface of SOCl 2 .
SUPPLEMENTARY MATERIAL
See supplementary material for the results of CCSD(T) calculations. The rotation-vibration interaction constants α i and the resulting ab initio rotational constants for each v i = 1 excited states of 32 
